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&1KSRAL IMRODUCflOH 
SoXld-aoXid rm&etlQna hsv9 usually he@n th« dom&iM 
of pJEiysielets and phjaieal chesulsts. IhVLBp oon0id«x>able 
basie work on the thaory of solld-eoUd Interaotlona h&e 
been reported over th« year«, par t icular ly in th« e ix t l e s , 
as a z*e8ult of tii« ^mmrsenoe of solid e ta te dovloee that 
vare uaad a a r l l a r . Inraat igat loas In solid atata raao-
1 2 t lona ' hare been atixaulatad by tha i r inoraaain^ appli-> 
3 
catiose in matallurgy, oaramio taeJmology^, maoaafactura of 
a r t i f i c i a l gBmm, l aser chasiiatzy* gaoehamieal prooaas and 
in the ohamiatry of polyiaara and propallanta. Compound a 
of apinal type batvean Tarioua oxides and t h e i r solid 
aolutions are used i n ta laTlsion, radar and je t planes. 
Solid s t a te reaotiona her© i n t r i a a i e chemical in teres t a lso . 
Certain ooopoiJUQds suoh as HgCU and %BrX can be prepared 
in the solid atata by solid s ta te reaetions only . 
Solid a ta ta reactions are generally diffusion-
controlled raaotions, tami8iiing» deocmposition, polyv^er 
degradation, polymariaation and oxidation raaotions hare 
been studied by many s e i an t i s t s and reviewed alae-whera . 
There i s great difference batveen the solid phase 
and liquid or gaaaous phase react ions, the reactant so le -
culee oannot moye freely in the solid s t a te in shaz^ 
contrast to the reactions in other phases* T?ridently, 
reactions i r i l l , therefore, occur far easier in l iquids and 
gaeee tiian In s o l i d s . 
For a long time th» elicmistipy of aollA remained 
a blank spot on th« oh«@loid s ap . Fiodei^ Inveat lgat ioney 
however, efciow©d t h a t chssilcal s t s r i l l t y of cryet j i l s vaa 
ovsrac eentuat efi. 
The systematic stwiy of r e a c t i o n s betveen s o l i d s 
goes back t o the work of Farawlsy In 1820 and of Spring ^ 
In t8B5» who elaimsd t o have obeerred r e a c t i o n s i n eolid 
s t a t e and t h a t of S i r Robert—Austen on the di f fus ion of 
gold in lead a t d i f f e r en t tempera tares . In \^9, Baaing 
found t h a t eonpressed metal f i l i n g s reacted a t t^msperaturee 
tfi 
below those ot " eu t ec t i o " lalKtures. In t910t Cobb d e s -
cribed r e a c t i o n s between q u a r t s and alt i^lna with calcium 
carbonate or ealciuai su lpha te . Hedvall ^* " i n ^^^2 and 
i n 8ubse«iuent years demonstrated t h a t r e a c t i o n s in the 
so l id s t a t e occur f requent ly i*nd represent indeed an impor-
t a n t branch of chemietry. S c l e n t i f l o c u r i o s i t y on reaction® 
i n s o l i d s was sparked by the discovery t h a t com© sol id stat<» 
t ransformat ions occurred very r ap id ly a t low temaera turss , 
e . g . the r eac t i ons between s i l v e r and mercury h a l l d e s . 
Hedvall has devoted over t h i r t y year© to t h i s branch of 
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chemistry, Most of the work on s o l i d s has evident ly been 
caupried out by con t inen ta l s c i e n t i s t s among whom Flschbeck, 
Hu t t i ^ , Jands r , J o e t , Se i t h , Tanmana ara! Tubandt besieges 
HedYalX may b« quoted. 
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k ntusber of revievs • '^  and hooke are now 
e^allable which hare ©Ignlficsantly ooiitxlbut9€ towfts^e 
tae understanding of £iome of the fundamental aspeete of 
solid etate reaotioae euoh ae t iudeat ion, t ransfer of 
isetter beyoi»3 phase liouii^arieB and the s!oat important of 
a l l diffusion and the role of the isperfeotione. 
Pefeeta end t h e i r Implioatlona in Solid State Heactione 
2d Ionic aovwiente in eolide can take plae« only vhen 
defects are preeent in the c rys ta l l a t t i o e . F in i te crye-
t a l e at temperatures aho-re 0% exhibit the following basle 
s t a t l e deiectss 
(1) t'olnt ^efeots t -
(a) I n t e r s t i t i a l 
(h) SGhottky defect 
(c) Frenkel defect 
(2) Line ds fec t s i -
(a) Edge dislocation 
(h) Screw dielooation 
(3) i-'iane defects 
(4) Stacking f au l t s . 
Many of these defects esm be present in etoichioieetrlc 
c rys ta l s , and dapartur© Ircym etoioliiosstry Hemanda th© 
prssance of matsrlal 6mt9c%m aisd also ©Isetrioal defeets 
to oom$»en8«its for s l s e t r i e a l bi^anoe. Fr«nk«l ^ In 1^26 
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and Sehottky in 1935 dsvslopsd thsor iee r©. arfilng tb« 
prsssnce of I n t s r s t i t l a l s ajid vacemey dsfeots in c rys ta l s . 
?h© two Host iffiportast type of natiTs l a t t i c e 
dsfact© ar« vaoant l a t t i o s s i t s s , or vaoafjci«8 mr^  ions 
or atoms plaoad in s i t s s that are iu>rEially not occupied» 
SO called l a t e r « t i t i a l » '» ' ' ^ , 
In a pure s toiohiosetr ie crys ta l tvo types of natu-
r a l disorders often oceur. F i r s t the Sohottlty disorder 
where an equal amount of anion arid oation racaiicies exis ts ' , 
Secondly, the Frenkei disorder wiiere equal concent rat ions 
of ion vacancies and i n t e r s t i t i a l s of the saae type occur; 
•¥ m. •¥•»•¥ -m ^ •*- m^ -tr -m 4- -m •¥ 
(a) ih) 
?Tfo main types of na t i re l a t t i o e disorder presented aefeeisati-
oally in two dimensionst (a) the Sohottky defect pair , (b) 
The Frenkel defeet pa i r . 
^fe«a for«i|pa ion* a r t pr«ftent thmj may take th« 
pXaeee of noraal l a t t i c e loae (eu^atltutlonaX Inoorpc^m-
tlofi) , or thay may )>« in i n t a r a t l t i a l posltiooa ( i fs tars t i -
t l a l incorporation) • I f tha subatl t t t t ioaal foreign Ions 
having a valanoy dlttareist fro© that of uorssal lose whoso 
l»lao« thoy taka ara Ineorporatad, tvo maohanlo^e for tho 
malntananea of a laotronaut i^ i i ty ara foeelbla. Uther fr«« 
aloetroiia of posit tya holaa may raimXt giiring r iaa to n- or 
p - typa aleotroiilo oonduotlTity, or an aqulvalant arcount of 
ehargad natlTO l a t t l oa dafaota i e torm»& or afmihilatad. 
•h. l a . . Of d l . l o . . t l a n » . d » . l „ p « l by f . , l , r ^ 
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and Orovaca • BlaloeatioiiB ara OBa->dl©eB8ioaal ^afaeta, 
thay BTe Xar^aly reaponalbXa for tha pXaatic iMhaTlour of 
aoXlda. Tvo of t he i r propartlaa ara partleuXarXy important 
iB the aoXia atata iwaetioaai 
(1) 7hey can aot as s i t e s of rapaatahXa grovth vl thln a 
Cvi^staXf 
(2) fh%y etm serve as fast dlffueion paths. Thay aXso act 
as preferentlaX tmoXaatloB s i t e s for tha fortsation of 
Bsv phases. 
Hdge diaXooatloB can be most eaaiXy TisuaXlaa^ ae 
being ronerated by shoriag a haXf pXajoa into tha orystaX. 
The edge of t h i s pXar» ulileh i s the eentre of tha d i s t o r t s 
region of the erystaX, i s caXXed the dieXoeation Xiae. ; n 
•dg« dlsloeatioit mar^m easi ly ac i t s gll^o plan® peirp«aaio 
oular to th« didooat loB Xl»9 mid«r the Influ^GOs of a 
id^«arlBs to ree . 
7h« sor«w dl0l9oatloa oocurt when 0119 part of tbo 
erjrstal gl idse or«r aaoth«r und^r otress ao that a epir&l 
or iiorvw I s forated l a a l a t t i o s plan*. ?ho disXooation 
l i aa l i«a l a ih» oeatre of th« ecrev. 
fha onglR of dlslooatlon I0 not usuaXXy va i l uacer<-
atood* I t ssajT ^« tiiat th«^ iirlae aoQldaatally during tha 
grovth prooaea of tha oryatal baeoaaa of tba preaaaoa of 
Impurltlaa, l a eoat raat , to Taeancy and l a t a r e t l t l a l Impar-
faotlona, dlaloimtloaa »r9 not an aqulllbrl«BB Imparfeetlon. 
Xmpuritlaa ara also ooaaidarad aa dafaeta beeauaa 
t h a l r praaaaea causa dlaturbanoa l a th# parlodlolty of 
la t t loa* l a addition to thaaa Inparfaetloaa there eira 
othar apaoiaa Xika elaotrons* holas* a t e . Maay of tha 
l a te raa t l ag propart las of eoUda raault from tha praaaaoa 
of Imparfaetloasy or dafacts l a so l ids . 
"52 Latt iea dafaots plajr a oruelal rola l a aolld 8tat« 
raaatloas baoausa diffusion proasaeaa la aoll«^8 are ooi^ » 
t ro l led hy the oonoaatratloa sad mobility of auch defeats. 
fhe alapXa l a t t l o a dafeeta* vaoemcy mad i n t e r s t i t i a l &toma, 
take part l a a Tarlaty of prooassas leading to phaaa ohan^e. 
pxHielpltatlon, ordtr-^ieorder traE^foT&atlon, &«& cho&ieal 
reaetloafl l a so l id . In ao t t »«taXllo eyet«me the vacancy 
l e th« most laportant defect slneo I t i s rveponslbl® for 
the Interehangt of atoms. £lffuelo&« tbers fors , occurs by 
Cleans of a Xattles defeot. Bxperlissntal erldsnce for 
Tscancy diffusion i s provided by the Kirksndall effect . 
In high tsmpsraturs chemical prooessesy part played 
by point lapsrfsotlons tend to predcmlnate over that played 
bj l ine defeotSf ajsA therefore, the meehanlam of diffusion 
18 In favour of migration Tla point defect* rhle i s the 
basis of Wagner'8^^ theozy of high twaperature oxidation 
vhioli proved very euceseeful and has been applied to derive 
the higli tempsrature oxidation of a number of isetals. High 
diffusion ooefflelents for a lka l i halldes can be explained 
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in t h i s way"^  . fhls discussion undsrlines that the r eac t i -
v i ty of sol ids la a s t ruoture-eensi t ive property^ that i s , 
due to the exlstenee, the nature and nvmhmr of defeots they 
contain, Jo in t s defects pred^nlnate in high temperature 
range* whereas dis locat ions may be i^ore important in the 
lov tiHRpsrttture raitges. I i s locat ions pl@^ a c r i t i c a l role 
in deten»inlng the mechanical propert ies of so l ids , 
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Diffusion of ions"^"' in sol ids play a c r i t i c a l role 
in many ohm&ical re&otions both in the laboratory and in 
th« mark0t<-plae« Industry. In TIOV of the importaiiGe of 
dlffasioB 1x1 eontrolXiag solid s t a t s k ins t ies t th« possible 
ffiodss of diffusion in solid s t a t s have bten disousssd. 
Diffusion in gasss and l iquids i s a rola t ivoly Bimpls 
proosss. In eontx^Mt» diffusion in sol ids i s qui ts ooaplex. 
ladesd, i t was not olsar in sar ly stagse vhsthsr solid s ta te 
rsaet ions ao tua l l j proessd in solid s t a t s and not Tia vapour 
phass. In 139it (^  s t r ik ing sar ly obsor^ation vas isads by 
Eob«rt8->AustsB in h is paper on diffusion of gold in load. 
Hs ^oved that at ?00^C gold irould diffusa in load faster 
th«a sodium ohlorlds w<mX6 diffuse through water at 15^C. 
ilev meolumisms for diffusion vers f inal ly suggested 
by the Russian so i en t i s t , Frenkel, in 1926 and by the German 
s c i e n t i s t , Sohottky, in 1930. 
Diffusion in the solid s t a t s may occur by any one of 
the following sieohanlarasi 
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(1) Rotation steohanioB such as exohangs meohwiian or ring 
aeohaniffs. Ho lattice defects are neoessary or In^rolwed 
in this kind of motion. Bo this oan operate in purely 
perfect crystals. 
(2) Defect ©echanisa * , such as 
1) Interstitial msohuilam 
11) Interstitialoy meehanissa 
i l l ) Crovdi&ii ai«e)iaiU.«ii 
1Y) Vaoaaey msohanlm 
v) Eolaxioa i8«eliMa4aia. 
(3) Grain 1»<mi^ai^ ana dtalo^itioa^^*^ raaeiianim, and 
(4) Vapour phaaa dlffusion, 
Vhan panatration inalda a grain ocoure, i t looatly InvolTaa 
tha ro ta t ion and dafaet »aelianlaBa, On tha othar hand, 
vhwD. lataraX diffusion OGcmrm, dataot and vapour phaaa 
dlffuaion oan oparata. For surtaoa lai^x^tloa and grain 
botmdary diffuaion« tlio aotivatlon enargy for diffusion i s 
•ary Ijojt - of tha ordar of 5 Koal/iMil, vharaaa for bulk 
diffueion ao t i ra t ion anargy la of tha ordar of 25 KORI/BOI, 
In fact alueidatioa of diffusion maohsnisn i s quita 
ooaplax. In the early stages there ima *ppaat controvarey 
whether oolld s t a te reactions actually proceed in the solid 
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State and not Tia the vapour phase . For exaai^ie, the 
reaction 
KgSO^(s) > CaO (s) • ' KgO (s) + CaaO^ <s) 
studied Isj HadTall was a highly eontrovert la l react ion. I t 
vas suggested that MgSOj f i r s t breaks up into HgD ant £^^ 
and then S0« reaets with CBD to give CaSO^. Borchardt^'' 
ult imately showed that the reaction p£%»ceed8 in the i^lid 
8tat« onXy. Th» sam« probXtsi a r i ses with the reaetion 
^t««9ii ^30^ and m«tal«. 
Sow I t iB T9Tf d i f f icu l t to deeidt that out of thea© 
QeeliaBia»8 vhieli one la l a oj^aratlon l a the aolld a t a t e . 
The foXloirlng eonalderatloaa are out lined t 
(1) Blffttaloa would ocear by the meehanlasia trhloh requirea 
the Xoirest aotlTatioa energy. By etmpmriag the aotlvatlon 
energy of diffu«io& with that of the heat of aubll&ation, 
ve are able to predlot wiiioh one i a lllE»ly« If the act iva-
t ion energy i a atuoh h l ^ e r than tii« heat of aublimatlonf 
diffueiOB by defeot neehaaifia takes place. On the other 
haM, i f the aotiiratloa eneripr l a equal to the heat of 
sublimation, yapour phase diffusioa occurs. This may be 
clear from the folloviag argu&eatst 
3uppoM the reaotlon proeeeds as 
A(s) -»• B(s) AB(s) 
If A^ is the surface area of grains of reaetant B, the 
nusber of i&oleeules of A striking these grains from the 
rapour (da/dt) vould be given 1^ 
H 
at 
f> A 
®X^/^"Rf 
Where B ia the preeaure; R^ the gas eonatantj f, the tempo-
aawasvd to b«)]«r« IdeaXIy it foXlovs that 
An ^0** ^ . « / ^ ' 
vliara S*^  la a eartaln ooaatant and A ^ la tba haat of 
aubllBatlwd. aiiiea 
t«aparatura x«iiga, It folXova that tii» actlTatioo ermrgy 
tor rtkp&ar phasa difftialon la approxiiaataly aquaX to tha 
iiaat of oubXlmatioii. 
Vaiy low Taluaa of aotliraitloa energy for diffuelon 
Indieata althar auiffaea mlgratloa or i^ rala boundazy Slffu-
alOB, 
(2) If tha i n i t i a l rata of raaetlon la dlraotly pi>oportlonal 
to tba dlaaoelatloa praaaiira of tlia apeeiaa« tha veaotloa 
ahould pToeaad via tha Tapour phasa dlffuolon. 
(3) Klsatle atudy vhan raactaata aaparatad liy an air gap 
and in adjaeant poaitlon majr ha halpful for undaratanding 
leather eiarfaea dlffualon or vapour phaea dlffuaion takea 
plaoa. If tba roaotlon rata la tha aasia in tha tvo oaaaa, 
i t Indlcatea that raaetlon prooeada Tla vapour phaaa diffu-
sion • On tha other hand If no raaetlon oocura whan tha 
raaotanta ara aaparatad )^ an air gap, meana vapour phaaa 
dlffualon la not in<r»lvad. fhla almpla axpariment haa haan 
used in determining tbe course of certain solid state 
46 
reactions . 
(4) Many soXid state reactions ajre just interphase reactions 
as penetration is ietpossible. Inert markers tmre been 
At 
used in deciding viiether diffusion occurs by defect 
aechsniem or not. If the dispXac«SBent of inert markers 
is proportional to the iKiuare root of ditfusion time* then 
the diffusion by defect mechanise is ascertained. 
In fact the study of diffusion in relation to solid 
state reaction is the foroasost necessity. Besides other 
things, it helps in deciding whicdi species is the diffusing 
specy in a solid state reaction. 
fhere are very fev references available vhi<^ des-
cribe the classification of Mlid state reactions and 
therefore, it is not quite an easy problem. At fiitrt 
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Jander classified solid state reactions in a systmmatic 
vay and the classification vas based on simply the nature 
of chemical reactions only. It has had no theoretical 
reasoning and hence it is ignored todi^ r* Following Jander's 
4,0 
classification, Mullsr introduced a number of simplified 
ideas for chemical processes, BXIA reduced the former's 
SO 
classification to seren. i*ater Jost*^  giving priority to 
th« formation of ^ U d •olntione and ignoring tha solid 
state raaotlona to fora nav product, claaaifiad into three 
catagori««. Altliotigh hia elaasificmtian doaa not explain 
tha solid pliaaa reaotiona* jrat i t i s i:ood anough for th« 
eyatam of matallur^cal intareal* Eoginakii^ . atmdyisg 
the topochaasieal raaetiona, proposed the olaseifieatiDn on 
the basis of the state of the producta formed. 
Taking a l l thaorstieal haekground into oonaidarationt 
the solid state reaetions sajr, hovaTsr, be classified ae 
be lows 
(a) Addition reaetionst irhere one soUd reacts vith the 
other to fom adaiti^n type product, a«g. 
A(B) ^ B(e) C<s) 
(h) Kxehaniia reactions, vhere one oonstituant betvetrn 
tvo solids exchanges according to one of the folloving 
sch«sest 
A(s) * BC(s) — — - AB(s) • C(8) 
AB(s) -i^  ClKs) •'• AD(s) + BC(s) 
ABX(s) • CB(s) — CBX(s) * AB(8) 
2, Solid gas r»aetiotta» « , g . 
A(s) + B(g) C(») * |>(g) 
A(«) B(») 
A(8) B(g) i- C(«) 
Addition r eao t ioae are %h» 8iiipl«at a»S aoet oomfiionly 
obe«rrea typo of 7«&otio»e. t he spliiol forming x^eaotion, 
vhlch 1© teohi i iea l ly ^rory important bo l a i ^e t a t h l a c a t o -
gory. ?h» foXIowiBg two etftpe ar# involved i n t M e i^ae t i^n . 
AO * BgO, ——— A(Bg)0, Homafa »^in«l 
tffaoro A 0 Mg« Cat ^i« ^ t Co« 2ii, ?!>» c a , Ba, Sr. 
B » Fa, AX, Si» 3n, Hn, 7 1 , Cr, Ko, W, B, T, Oa, 
Oa, PbSl , PbgSiO, flgCrO. 
S(Me«tiia«8, add i t ion r e a e t l o s a p r o e e ^ with th@ daooEapoai-
tio& of ona of tha m a e t a a t a with a r o l u t i o n of a gaa, such 
a s 
Ha^COj 4- giOj - — — Na^SlO^ •- GO^  
Ho¥W9r, tha re i « no general rol© for th© add l t i oa r e a c -
t i o n s . DOBie t y p i o a l exs@]pl« of exchange r e a c t i o n s are ae 
follows} 
Kg + 2n8 HgS ••' 2 B 
2nS -t- CdO — — ZwO 4' OdS 
EggClg ^ l^ HgClg • Hgig 
SrCO, -»• BaO — - BaCO-. + SrO 
The meehanian of exchange reaot&oaa Inro lvea di f fus ion 
through tnro product l a j ^ r s and thef^fore i t i s paes ib le 
t o hMtr9 a considez^hle v a r i e t y of pfaaae arran^e!s«nts. 
Ixfcaple of so l id gas r eac t i on l a the t a rn i sh ing 
r e a c t i o n . ?he r e a c t i o n s of oxides v i t h gaseous reducing 
a^ients belong to t h i s ca tegory. Such r eac t i ons he^e been 
recen t ly reviewed by To ron t so r ' • 
Example of so l id s t a t e tn^nsformations a re severa l 
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organic i somer l^a t ion r e a c t i o n s , lieferencea t o inorga* 
n ie iEdse r i s a t i on r eac t i ons i n t h e so l id s t a t e a re a l so not 
uncoEimon * . Bolic s t a t e receielsat ion of Inopgpnle cosp-
l e x e s , e . g . 1-e i»-rCr<cn)2CiJci ,H20 and (£try),-d»|cr{C!20^)2 
ISHgO has been repor ted . 
Solid s t a t e deeoinpesitlon * r e a c t i o n s leading to 
the fort^ation of gaseous products have been studied ez ten-
elYely, Hov«Y«r, the products of t ranefors ia t lone are r a r e ly 
a l l s o l i d s . Peeoiapositloii of t l t a n a t e s p i n e l s , M2TiO^ 
(M « Mg^*, Fs^*, and Co^"*"), to KfiO^ with i l o e n i t s s t r uc tu r e 
has z^oently been inves t iga ted at s e r e r a l te isperatures , 
MgTiO^ MfiO^ • HO 
It has heen proposed that such reactions are of consiaerahie 
geocheKieal interest, since t'A9 deoorapositlon of silicate 
spinels in a similar vay £say occur in the lover nantle of 
the earth. 
Experimental TechaiiiueB 
?he solid state reactions are genmrnXly slow. ?he 
analyslp of the reaction product ie difficult. The estima-
tion of reaction concentration as a function of time is 
still ffiore difficult. Consequently, the study of reaction 
kinetics is sore troublseorae as compared to that in the 
gaseous and liquid phases, BoireTer» it io neoesiaaxT to 
study solid state reactions below the eutectie temperatures 
of the fixtures in order to avoid the appearance of the 
liquid phase. Different teckmiques for the sturdy of solid 
state reactions have been used, depeMing on whetrier a s^ ae 
is evolved or the reaction products have differ«?nt colours. 
X-ray diffraction pattern, electrical canouotivlty, or 
magnetic suspectibility as compsjred to tlie ori.^lnal reactaate. 
The follovlng te©Jbiatou«s hav® been used for the study of 
the ®oIld state reactions} 
(1) X«i»ay Aittrmotion BtvAfs 
In the l a s t few y e a r s , extens ive use hafs been raa<^e 
of X-ray Eiethode for s t r u c t u r a l a ia ly&is fo r studying TBBC" 
t l ^ n in Bolitls. The r e a e t l a n products can be analysed 
d i r e c t l y ^*' by ohemleal ana lys i s or by neasurlng the 
i n t e n s i t y of X-rms^ s p e c t r a l l i n e s . I t i s hardly poss ible 
t o use chemical methods, hence r e s o r t to X-ray techni ;ue l a 
usua l ly made. However, the re are c e r t a i n disadvantages of 
the X-ray technique alEra, With the help of t h i s technique 
i t i s d i f f i c u l t to de t ec t poorly c r y s t a l l i n e i n t e m e d i a t e s . 
Koreover, s s a l l amounts of t he products are d i f f i c u l t to 
d e t e c t . Composition deteztaination by X-ray technique takes 
a long t ime. 
(2) I f gaseous products are formed i n the r e a c t i o n , the 
k i n e t i c s can be studied by sseasurlng the volume or the 
pressure of t h e gas a t va r ious tlrae i n t e r v a l s • . '•he 
following two r eac t i ons have been s tudied i n t h i s ways 
AggSO^ 4- CaO 2Ag ••• "^Oj -• CaSO^ 
BaCO^ • Ba7i0^ — BagTiO^ * QO2 
(3) i : iff«r«ntlal ourv« etudjrs 
To aaettSB th» vel^ht ohan^s in a solid e ta te r^ac-
t ion . I t 10 neeemB&ry to carry out a d i f fe ren t ia l curv« 
study for the thermogrBriisetrio ourre. The apparatue whleti 
d i f fe ren t ia tes the thermograviffletrlc ounres* I . e . the teaipe-
ratur© curre , DfA eurres , thermogrffrlmetnc curve (TG) and 
DTO curve, i s called a derivatograph, 'fhie has been vldeiy 
used in the study of decomposition react ions. 
(4) The naography t 
This i s concerned with studying solid s ta te reactions 
on the basis of aeooffipanyln^ thermal effects , '^ e can assess 
the phase inversions* temperature eoMit ions and intensi ty 
of the prooesses of dehydration, dissociat ion, melting, 
thermal oonduotivity, e t c , 
(5) Isotope Kethodt 
fhie is the most important teohnique» introduced by 
Heveiqrf iB used for investigating the meohanlKas of kinetics 
of chemical reactions, corrosion of metale, catalysis, etc. 
(6) Visual Techniques} 
Ijhen • coloured product i s forced, the thickaness of 
the product layer can be determined at various ti:ae i n t e r -
go 
vals by visual techniques . ?he thioloness can be correlated 
with the Nineties. 
(7) ¥h«ii th« coXeurlees product 1« formed raaioactlT© 
t racers can be used to aeeeee the extent of moves^ent of 
the reaction aone '^ , 
(8) Eefleotat<oe speotroBCOpyi 
72 71 It la particularly suitable for klnetio atudiea' *'^, 
provided the reaetlon products are not completely i^ite or 
eoupletely black, fhla technique is not only helpful for 
detecting the reaction produet, hut changes in reflectance 
in the course of time can also be related to the idLi^tioe. 
(9) Klectrioal oonductiritys 
I t i s good technique for gett ing informations re_?ard~ 
ing the path of a react ion, prorided the oonduetiirities of 
the pro<Suct8 are much different from those of the reaetants . 
74 Bradley and Qr^Bne employed t h i s technique for the study 
of the reaction betveen iodides of sil trer, potassium and 
rubidiumy since the product formed (K, Eb)Ag.XK i s more 
conducting than the reactants . 
(10) Magnetic suspectIMli tyi 
Magnetic suspect ib i l i ty measurttsents can be used for 
solid s ta te reaotlTlty studies proTided the ma^e t lo sus-
pec t lb i l l t y of the product i s diffe^wnt from thoi^ of the 
reaotants . The formation of !liFe20^ spinel has boda studied 
by t h i s technique, s i rce the spinel has a higher magnetic 
au«p#e t ib l l i t y ' ' . Thi« ean be h«lpful in the Inveetlgation 
of heterogeneous cata lye ia , k inet ios of ohemieorptloa a l so . 
(11) Electron iiic«>probe analyeia (li?l!J)j 
The recent fJPKA teehnique i e yery preelee and pro-
bably the moet ueefuX in fiolidi*80lid reaction etudiea. lo 
far ereaXl ooneeet rat ions ver^ diffieuXt to analyse; a l so , 
coneentiratloa ehem^es over a very waall l e n ^ h were impossi-
ble to determine. Both these problw^e have been overcome 
by t h i s method. 
l l t h o u ^ m»lld s ta te reaetlons vere recognised during 
the 1800*s end early I900*s» as evideneed by vork of Fara-
disgr f Spring and Cobb • Very l i t t l e was done towards 
understanding the seehanian u n t i l af ter 1910. Some of the 
e a r l i e s t quantltat ire work as the kinet iee of s o l i d - ^ a s e 
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reset ion was done by HedTall » fanuaann . Wagner "^v 
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Huttig , Jandsr • and other researehers supplemented 
and developed the Taesmana-Jiedvall theory. 
The kinet io e<|uatio& of the react ion» A(8) •*• 6(s) 
— C(s) , in a f ixture of f ine powders i© based on the 
following asstuaptlonss 
( i ) The reaction s t a r t s only at thB contact poiiits between 
the aoraponents k aM 3 ; 
( I I ) Tto« rat« of the reaetioB I s pzioportlonaX to th@ number 
of contact points; 
( I I I ) Ths nusibsr of contact points may dopsnfi on tho roao-
tlofi tlms; 
(!•) ?h® eoinponont A Is abl© to dlffuso through tho layor 
of tho reaction pit>duet{ and 
( T ) ?h« reaction islxturs conalats of par t io los of sixsilar 
8 l 2 « . 
¥e shal l now brief ly outl ine the basic features of 
the different models* 
Product layer diffusion coatroll 
Models based on t h i s seohanlmsi ImrolTo: reectant 
par t ic les are spheres, ul th a continuous prodwct layer 
during the i n i t i a l stagee of the react ion, and further 
reaction takes place by bulk diffusion of Eobllo reactant 
species through t h i s product Is^er , whidb I s the rmte 
eontx^lllng step* 
In 1Q30, Wa^er aad Shottky pxnaposed a therajodynasiic 
theory of sol id , vhloh takes into account isperfectlons and 
IffipuritleB* Th«y suggested tbat there are tvo fixndiHSiental 
pToeeesee lirroXTed la a solid s t a te reaotlon. 
I) x'haae boundarsr proeeeees anieh aa ohemieal i>eaetio& i t se l f , 
fonsation of nuelei and grovtlia of the x>eaetion product a. 
I I ) Transport of i^atter to the reeustlon aone, i . e . diffualoa 
through the layer of the reaction products, fhey developed 
the vell-knovn parabolic r a t e lav aseuoizi^" a urddirectlonal 
diffusion across the p r ^ u o t layers idiieh i s glT^i as 
dt w 
vhez« y is the thioknees of product layer, t is the reaction 
timet D and K are diffusion coefficient of the diffusing 
species and proportionality constant, respectively. Assum-
ing diffusion coefficient to Iw independent of tine and area 
of contact constant, ve get, 
y^ « 2EDt •«• C 
2 
or y « 2KDt « K t , iriisn t « 0; y » 0 
wh.r. Ij , 1 . t h . parabolle r . t . eonatant. 
Zander "^  gave a frequently used kinet ic equation for 
povder compacts. Imposing cer ta in assuffiptiona* he developed 
the «rell>knotm equation bearing his name 
K^ t « [ l - (t - x)^ ^J 2 
which re la t e s the fraction of reaction, x, ecmpleted to tl!B« 
and (Kj.) iB the ra te constant. I t i s , howersr, f^ JtnS that 
Jandsr*e aquation doss not sa t i s fac tor i ly explains ©olid-^ -
soliil reaction data , indicating that a more coiriplioated 
s i tuat ion actually ex i s t s . 
Kroger and Z i e g l e r ^ used aost of the aesij^ptions 
Bade by Jander except that of diffusion'»eoefficient, which 
was taken by them as inversely proportional to time, 
unlike Zander who assumed i t to be d i rec t ly proportional 
to time, t . fh is i s equivalent to asstiuing that z^te of 
change of product thiclmess i s inversely proportional to 
time, vhioii i s the basis of Tasusann theory 
T^ - 2B: In t 
fhis equation combined together with the Jnader equation 
gives r i se to the Kroger-^iegler equation, 
i2 %-2^ t - ij - ( 1 . x)^^y 
85 
^huravlev, Lesokhin, Teopelraan "^  codified the JawJer re la -
t ion by asetoning that the ao t lv i ty of the reacting substance 
was proportional to the fraction of unreacted material (1-x). 
h^i^f^ - ljTir>^^ - 0 r)2 
86 Oinetllng waA Brounshtvin »igg«0t«d a modal using Jandar'a 
aeatrnptloa vithout the oonaldiaratlon of the parabolic rate 
law. Instead, they used Barrer*8 growth of the pjpoduct 
layer equation for Bt99Af s t a t e heat t ransfer through a 
spherieal she l l . They arrived at the folloviiag f inal form 
iCg^t - 1 - | i . (1 - X) 2/5 
87 Carter improTed the Ginstling-Brounshteic model by aecoant-
iO€ for the differenee in the voliaie of the product IsQrer 
vith respeet to that of volume of reactant consumed. He 
also introdueed a new term {Z) to account for the volume 
change where Z stands for the volwae of the reaction pro-. 
duct formed per unit volume of the reactant oonstmfld. 
Carter obtained the equation 
^-V (2 - 1) 
This equation ia referred to as Carter-Valene equation, 
88 
beoause Valensi developed mathematically the same equa-
t ion using different s ta r t ing points . 
Dtimrald-Wagner ^ derived an equation for solid s ta te 
reaction using a solution to Fick*s second law for diffusion 
into or out of a sphere as 
Httclti groifth controlt 
Tho thooiy of nueleatlon a»d growth of th# product 
pha0« Initially formulated for the klnetlee of pimee change 
proeessoB has heen vaceoeefuUy employed Bialnly to deeoispo-
sltiom reactions. This theory considers tvo stepss 
1) Formation of the nuclei of the product phase at active 
sites and (11) the growth of these nuolsi. fhe fs<^nersil 
fona of the expression for conrerftion time relationship, 
la (1-x) « -(Et)° 
The parameter m ao<N>unts fo r the r eac t i on mechanlsffi* mmber 
of nuGlel present* ccnBpositloB of parent ar^ product phases* 
and geometry of the n u c l e i . I f a r eac t ion i s represented by 
t h i s model* a p lo t of l n ( l n TT3X) • » • In t , shouM alv« » 
s t r a i i ^ t l i n e with slope m and In t e rcep t m In K. 
Applioation^to nuc le i growth model t o 80lld*8olld 
r eac t i ons euro r a r e . Hulhert and Klawi t te r applied i t t o 
t he r eac t ion between s lno oxide and bax^xm carbonate . 
Phase boimdaiy r e a e t i a n s con t ro l ; 
When the d i f fus ion of the reao tan t species through 
the product l aye r i s f a s t etmpared to react ion* the k i n e t i c s 
i s con t ro l led by phase boundary r e a c t i o n s . Kodels have been 
developed for d i f f e r e n t ^seomotries and corresponding boundary 
conditions. Thus, for a spbar© reacting froia the surface 
iznrards the fract ional reaction completed x and tirae t are 
related by 
Xt « 1 - (1 - 3E)^^ 
vhich 18 identical with the expression derived for gas-
solid reactions. For a circular disk reacting from the 
edge inwards» or for a cylinder, the relation is 
Kt « 1 - (1 - x)^^ 
EffiPirical equationst 
Apart from the different models pressnted above, 
different esipirical equations have been proposed to describe 
the k inet ics of a mixed powder reaction. Thus, Blum ur^ hi 
found that the ra te equation 
If fi,.7.nj 
describes the kinetios of nickel fsrrite fonsation from the 
observation of a straight line plot obtained for xt vs t. 
The equation was found to hold for a H ferrite formation 
reactions. 
Factors affectinji reactivity in solid atats» 
The following factors influence the reactivity in 
th« solid atat«t 
(1) BbApe and olse of grains 
(2) Temftratiirs 
(3) tTttseur© 
(4) Impuzlties 
(5) Bh&pB and eia« of th« IBOX«OU1«8 
(6) Lattice goomotvj of the reaotant and pxoduet moloculea. 
Shape and eiae of grains eaa hare important effects 
on kinetles. The aisall particles in the ensemble will be 
consuBed in a i^ort period of time, while the bigger 
partieles are still reaeting. Henee, the reaction rate 
per unit volume, vhieh is based on the radius of an indivi-
dual particle, will be affected. The siae of the particles 
vill also affect the sintering behaviour of solids, Bince 
owing to different radii, the geoaetries of the necks formed 
and consequently their growth kinetics will be different. 
90 Indeed Ooodison and White have observed the effect of 
percentage of fine and coarse particle© on sintering 
behaviour. ?aaiperature pla^ rs a significant role in the 
diffusion controlled ©olid state reactions, einct the rate 
of diffusion depends on tesiperature. Th® rate constant, 
K., of the reaction in the crystalline cilztuires usually 
folloi? the Arrhenius equation, 
K « A exp (-B/at) 
An exasdnation of t h i s •quation shows th« aarksd ef fect 
of tiHtipsrature on the reaotioa ra t s . 
tfhsn one of the react ants I s a gas or irhen orm of 
the produots i s a gas, the so l id s ta te Mnet los would depend 
on pressure. In general, elnoe the rate of diffusion 
depea^s on pressure* the k lne t i e s would hB a function of 
pressure. 
Impurities ean affeot the sol id s tate k inet ios in 
two ways* The inaction rate inmld heoo^e very fast when 
the l iquid phase appears due to lowering of the euteet ie 
point. Howsrer, i f the eutee t i e point i s not lowered below 
the reaetion t«ESiperature no s ignif icant change in kineticn 
i s expeeted. 
Schwab emd Rau (1958) studied the exchange reaction 
n^O * CuSO .^ Heaetion rate was f<mnd to be accelerated by 
the addition of Li to Ztne oxide and retarded by the acMi-
t ion of Ga ^ to i t . On the other hand, in the reaction NiO 
•1^  KoO« — HlKoO ,^ addition of Cr**^  to Hiokel oxide enhanced 
the rate , irtiile that of Li retarded i t* Shape and s ize of 
the molecules affect the react iv i ty in the so l id etat © reac-
t ion , i^'laner and l e s s bulky E^oleeulee react at a faster 
rate , fhe role of l a t t i c e geometry i s quite important in 
understanding so l id s ta te react iv i ty and so l id s tate reac-
t ion mechsninni. 
When v« asisiaM that in solid state x^ eaotione initially 
8urfao« diffnalon rapidly coats the surface of the reacting 
pftrticles yith & continuous produet layer, the rate of 
reaction is talcen to be the rate of diffusional growth of 
the product blanket. This is not usually the case specially 
in phase transformations and decomposition reactions or nei; 
crystalline phase foroation from a super saturated solutions. 
?has« transfoxwation often appear to take place siore rapidly 
than expected from the reaction rate theory . Hoverer, the 
rate of transforaation is determined by ttro distinct pro-
cesses, nueleation and grovth, each having oharaoteristio 
actiTation energies that are usually different, 
Nueleation is the process whereby particles of more 
stable phases are formed i^lch are large enough to be 
themodynamieally more stable. Sueleation can oeciar in a 
crystal in two ways. A local ifflperfeotion in the crystal, 
say a point or line defect, produces strains in its vicinity 
so that the total ener^ required for the transition to a 
new configuration is lowered 1:^  the strain energy at the 
site of the imperfection. The reduction In the activation 
eneriQ'' neans that such sites may become preferred nueleation 
centres and so called heterogeneous nueleation takes place. 
The presence of imperfection is not imperative and homo-
g«n60U8 nueXeatloii oan occur In the abseno* of eueh defects 
in the c rys ta l . 
H<»BOReneottg imeleatloat 
In homogeneous nucleai;lon spontaneous fluctuations 
of atemio configurations s^vm to fowa nucle i . When a 
small re^^ioa of the second more s tabls phase« i s formed« 
there i s a lovering of the volume free energy (hecauss the 
nev phase i s postulated to be siore s t ab le ) . UoveTer, there 
i s also a surface free energy for the nuclei ar¥l there may 
be an e l a s t i c energy associated with s t ra ins in the l a t t i c e 
to aee<^odate the nuclei and both ot these oppose the 
change. TherefonnB!, the change in the free energy when a 
nucleus lo formed i s 
A a » - A o ^ + AOg + As^ (1) 
where ?, S and 1 denote the free energy cha'^ iges due to the 
volume chemical change, the foroation of a new eurfaoe, and 
the elastic strain. The first terB,A0^, is negative 
because the transforation preoeeds from an unstable to 
stable state and the second aadi the third are positive. 
The formation of a nucleus having a different strue«> 
ture than the matnai, however, produces en imperfection In 
the host crystals structure, and it oan be shown similarly 
to th« diacussioa of th© for^aation of vaeeuade©, that th» 
nu&ib«i* of nue l t l forcwd, n, at aoy teiaporature l e given by 
a « H t - ^ S A ^ (2) 
vlisre II la the total auabar of nuelaatlon sitae and /XQ 1B 
the free energy of formation of a nucleus. 
Hoverer, it ie poesible to deaorlhe nualeation by a 
phenoneaological theory, particularly if the forsiatias of 
a aolid nucleus from a liquid is considered. If the cOTipo-
sition of a liquid ie the same as that of the solid, then 
the small changes in elastic energy upon frees&ing can he 
neglected. Thus the only factors that need to be conai^ 
dared in (1) are the difference in the bulk free energy 
and the surface enerjgy of the solid-liquid interphase. Uov 
the bul^ free energy ie obviously proportional to the volu»?e 
3 
of the nucleus or 1 , vhereas the surface free energy is 
2 proportional to 1 . By analogy to (1), the chimin in the 
free energy due to the for^sation of a nucleus can thus be 
expressed by a relation, 
A a « ^ ^ 1 ^ • Kgl^ (3) 
where the proportionality constant, K^ expressing the bulk 
free energy of a unit voluiae, is smaller than 1-2, irhieh is 
determined by the surface tension at the nucleus-liquid 
In tsr face . rh« nquation O) ehovs that free energy increaaen 
as 1 Increaeee u n t i l a ciaximiisi Tolue QQ i e reached at some 
o r i t i e a l else l i^ ieated by 1^. Belo« t h i s c r i t i c a l eisMt 
the nucleus i e unstablst because e»jr increase in i t s si^ie 
increases the t o t a l free energy. On the other hafid, vhec 
the else of nucleus ezceede the c r i t i c a l siiae, further 
grovth decreases the free energy. A nucleus haring the 
cr i t icf i l s i se determined by 1^ i s in a metastable equ i l i -
brlu». The energy of forming t h i s metastable nucleus QQ 
depends on temperature. Above the critieeOL twaperature, 
0 i e poeitlTS so that aocordini; to (2) the nusiber of 
nuclei formed decreases rexy rapidly with increasing teope-
r s tu re , Belotr the c r i t i c a l temperature, AG i s negatiye 
B3a& the exponential term i s posit iTe. As the temperature 
i s loirered, the number of nuelei foraed ismet inore«ise expo~ 
nent ia l ly according to ( 2 ) . Time in s i l i e t t t e , for example, 
rapid undercooling leads to the formation of glasses . 
the ra te of nucleation depends on frequency vi th 
vhlch atoms jump across the interface froia the parer^ phase 
to the eiabryo of the daughter phase, of c r i t i c a l siae for 
nucleation. According to Volaer and Weber , the frequency 
of such successful jumps in condensed syBtes i s 
AQ 
f « S*Vo exp {- - r s^5 
vherc Ao is the free energy of activation of a eingle 
atom jomp to th© embryo euxrfaoe. S* ie the number of atoms 
adjacent to the erabryo surface* V^ is the Tlbrational fre-
quency of the atoiae and E le the Boltasan constant. 
The number of embryos of critical else is 
N^ - H^ exp (*" "^^-) 
Khere !i» is the number of atoms per unit Toluee, fhe comp-
lete expression for the rate of nucleation is, therefore, 
I * I- exp ^ »f 
where I^ « 8*7^ 
Oenerally it is aesuBied that when a phase nucleus 
of critical siae has been fonae4» it will grow. 
Heterogeneous nueleatipat 
?he rate of tr»isfox«atioa in polyerystalline solid@ 
usually increases when there etre imperfections, specially 
impurity inclusions, present in the »»li4. The fortnation 
of nuelei in heterogeneous nueleation is influenced by the 
relative interfacial tensions between the nucleus and the 
ifflperfeotions cT-* 'Wid betveen the parent phetse and imper-
fection a" 0i 
vhere Z.\ 3^ l e the ehjuag« l a the tree ertergy due to the 
foreetlazi of « vault armm of in ter fae t betveen the mtol«u8 
ana the lmp«rfeetlon. Aeoordlng t o t h i s equation the free 
energy fieereaaeii (the ohange le negative) when <r ^i > RI-
Ejeaning that the InteratMile foreea of a t t rac t ion betveen 
the nucleating phase and the Icperfeetion are {greater than 
thoae betveen the parent phaa* and the imperfection. 
Analyaia of the ra te esi^reaaion for nueleua fors^t^ 
t ion in heterogeneous t^aten shows that the ra te of nuclea' 
tion» H, i s proportional t o : 
-a? ^ 
H ^ sxp (• g^ ) (1) 
where /\^  ¥ is the free energy of foxeatlon for the crlti-> 
cally sised nucleus. The latter quantity is inreraely 
aepenfient upon the square of the free energy difference 
between the solid phases, A Fa* For spherical nuclei 
/ x p ^ « l H l ! ! 2 ! (2) 
( A F S ) ^ 
where T i s the s t r a in energy per unit in te r fao ia l area 
between phases and Vm i s the molecular volusae of the nuc-
leat ing phase. / \Fs can be expressed in terns of the 
reaction preaeure, P and the preeeure i?^ for uaiTariant 
eqallibrluBi at the z>«a«tio& tem|>»ratur«; 
/^Fa « -HT la P/P^ (3) 
By ffubetitution of equatioA (3) and (2) into (1), the r©la« 
tion between the aueleAtion rate and the reaction pressure 
becomes, 
log N » C^(-Rf la P/P^)"^ "• Cg (4) 
vhere Cf i^ d C2 are oenatantB. 
la solid state transformations grain boundarieB and 
dislocations pxt>Tide important sites for heterogeneoiis nuG«> 
leation» It has been idioim that the grain boundary energy 
decreases the free energy of nucleation. This is so because 
any stresses forsed during nucleation are nore readia^ 
relievad at grain boundaries, aibbs^ *^  calculated the vork 
of nucleation at various kinds of grain boundary sites. 
The theory ot nucleation at dislocation sites has 
been giTen t^ Cahn^ and calculations of rate of hetero-
geneous nucleation hove bsen performed sueeessfully for 
•arious types of treasforsations * "^. Frois the alKJve 
theozy* it has b@en postiU.ated that the diffused product 
in the dislocation network vill create adjacent nuclei, i.e. 
increase the rate of nucleation, m> th?it the boundary bet-
ween the reactant and product beeoses a rather diffuse iione. 
having r«aotloii almost ooffipXete on the product ®ld© and 
Just s tart ing on the reaotant s l d s . Ths rate of advnnee 
of t h i s jEone dspsads on the z^te of nuoleatlan. I t I s 
ohrlous, therefore, that nuoXeatloa and gz^vth are ooffipli-
mentary and take place almost slaultaneousl^. At higher 
t«aiperature growth la rapid and hence nucleatloa rate l e 
automatically loir, whereas at lov tesaiperature. I t has got 
pronounced ef fect and nueleatlon rate 1@ reXatlTely fa s t . 
Sintering 
Sintering of so l ids Is a process of great technologi-
cal Iffiportanee, particularly in the forsiatlon of cersBaio 
bodies asd In powder metallurgy. I t l a one of th© most 
Important phenwaena which takes place when mixtures of 
cTysta3.1in« so l ids are h®ated. I t can affect hotli the rate 
of reaction between sol id substatices and also the properties 
of the result ing products, therefore, th© role of s intering 
tasy be taken into consideration In the study of sol id state 
react ions. 
Slntsrlng Is not a phase change, but i t does involve 
a reconst i tut ing of the c r y s t a l l i t e s of the s o l i d . A mass 
of separate, small par t i c l e s of a material are Joined t o -
gether in s inter ing , under the Influence of heat , to fox» 
a s o l i d , dense body of great strength. :he result ing mass 
ertiU oontadns pores and vo ids , so that the dsrtsity faXls 
short of that for a s ing l s c r y s t a l , but the opsn Toltiris I s 
jirsatly rsduosd as coaparsd with the powder. Although the 
tsohnologioal proesas hus been known for many eenturies , 
thm explanatloA, whiefa dspends upon so l id s t a t s diffusion 
ai^ defects in so l id , has developed only within the la s t 
dsoade or so . This medbiaiiisa also points the way to under* 
standing of the role of certain ohraiioal impurities in 
s inter ing . 
Sintering eons i s t s of aereral stagesi First the 
irregular oomers of each par t i c l e are rounded oii, leaving 
aaooth surfaces. ?hen the part i c l e s begin to join together 
and form narrow neolM at the points of oontaet between the 
p a r t i c l e s , with a continuous sponge-lil^i pore structure. 
The necks gradually thioken anS the pores deoreass in s iae; 
t h i s stage i s followed by one in wfaic^ individual grains 
grow at the expense of others* leaving f ina l ly only a few 
pores within individual grains . 
Several meehsnii^s have been proposed for the s int^r-
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ing phen<»&enon by Pines , Kuosynski , Herring , Kin^o'ey , 
Coble and Burin , e t o . Tamsann refers to the impor-
tanoe of second stage when th@ part ic les join together. 
Frcm the point of view of k ins t i e s ar.d sieohaniaa, the second 
stage, i . e . the one where the part i c l e s join together or 
vh«B tho voidB and porvs ar@ 9liaii&at#d la tho most Impoiv 
tattt one. 7h« poaalbl* aiass ti*«mspart mechanleme in the 
eeeona 8tag« of alntering &r»i 
1. Vieoou0 or P lavt le f lov 
2. H^raporatioa or Cond^satloii 
3 . 7oltiJBO or Surfaeo diffuolon 
If no aoXtom pha»9 appoars during tlio slnt:«rin£ 
p2X>oe0a, then the CKWpaotlon (deoreami in 9ls&«i and tnmlaer 
of pores) oceiufa through m^ss t rani^or t In the iiolldi phaee 
and the grain sroirth tak®a plaeo by a rsarraagemsnt of 
l a t t i o e atoms at the soTlag ^r&Xn bouj^ariea. W#X1 known 
exaffiplea of t h i s type of s inter ing from tho field of powSer 
metallurgy are the produotion of oompaet tixngaten, siolyb-
denua, wad sintered i ron. Oxide oeraeaio products are aleo 
made in t h i s way. 
The baaio idea of the theory of s inter ing ie tha t , 
due to thd sharp ourvature in the neok foxmed l>etwe9n two 
pa r t i c l e s , a '^acanoy i^jmdieat vae set up i^hioh woiHd pro-
mote diffusion currents in tnat region, fhie theory was 
Terified by a mmber of model experijaenta, ^mpletflng the 
systeBs of oontrolled geometry such as sphere8» oylinders, 
and p la tes . The inTestigated systems, Cu-^i, Au^lli, az^ 
Fe-Mi fora, at the twaperaturs of s i n t e r i i ^ , ser ies of solid 
eoltttlone. I t has hm&n notloed that Intcii^iffueioii pre-
dominated during the f i r e t etage of eintering procenB. The 
Btreesee and vacancy concentration gradients covered by the 
sharp curvature in the contact area, ap>eared too weak to 
offset the strong oh«HBical concentration gradients. Thus 
the vhole process of s intering vas dcminated in the f i r s t 
s tage, by intsrdi f fus ion , fhie interdiffusion* accompanied 
by oomotio phenomena such as Kirkendall-HartXey e f f ec t , 
caused an arrest in the growth of the neck between two 
adjacent p a r t i c l e s , u n t i l the chCHsiieal gradient across the 
neck was leveled out. 
Hlncs, surface area of the sol id bodies deereaeee 
i n the s inter ing , the themodynaBio potimtial of the systeci 
i s a lso decreased which i s regarded as the driving forces. 
I t fo l lows, therefore, that the greater i s the surf sice 
energy, the greater i t s thermodynamis potent ia l . This 
means that f ine grained powders s in ter more rapidly than 
coarse powder. 
00 Goodison and White studied the s intering of MgO-
Fe2^3 ^y^^^"^* '^^^y found that the rate of densif ioat ion 
depends on the ratio of coarse and f ine part iolea in the 
compact. Thus the znoet pronounced eomp&at contraction was 
observed in samples ooaipOBi^  of 90' f ine F»gO mixed with 
iOt coarse FSgO-, 
some c%od*l experimeats on the eyeteaa II10«F020^ and 
MgO-Fe^O- hare been carried out by G. C, iCuessynekl . ii© 
noticed that In both syeteoie the dlTaXent cation diffusion 
ratea aewi to be higher than for the fe r r ic ion. "his 
uneven interdiffUsion causee mrelling of the Fe^^v par t ic le 
imdemeath the neck fonsed between two oxides. Carter aleo, 
studying the formation of spinels in rigO-Al^O- ai^ ligO-le.O^ 
eyst^aSt noted that vhereas diffusion of MgO into \^m^-^ had 
occurred, no appreciable diffusion of Fe^O* into the F:^ 
vas observed. A similar observation was made by i>oodi8on 
and T'hlte. Although HgO diffusion searas to be fas ter than 
that of Fe^O* as Indicated by the voliims inereaee of Fe^O* 
pa r t i c l e s , some Fe^O- also diffused into FigO manifesting 
I t s e l f by red coloration of HgO crys ta ls near the interface 
and on the surface of the MgO crys ta l . Carter also reported 
the existence of eonsidsz^ble s t resses In the spinel phase. 
Stresses were aluo present during sinter ing ot 1910-Fe20^ 
and Ke0-Fs20« i ^ s t i n s , eausinfi frequent severance of the 
epinel c rys ta ls formed in the neok fr^si the fe r r le oxide 
base. ?his slowed doim appreciably the ra te of neck <.;rovth. 
The shaps of the necks and the i r large radi i of cur-
vatiure miggest at onoe that t he i r growth i s not controlled 
by the vacancy gradient due to surface tension. In fact, 
the neck radius increases roughly proportionally to the 
square root of tlm« rather tium to t' "^ is observed for a 
pure sintering process. 
fhe sintering prooess is greatly influenced by the 
Tarlatioa in the grain sise conpositlon, pores of different 
slaes and shapes and difference in the viscous floi^  of the 
crystalline and liquid bodies. 
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siLVia wsssfATB Aim KsacuRic imim 
i&rl l t t r e tud i se ^oweS tho existane^i of only a s ingle 
fonB of 8 l l v« r mono-tungfltato (AggWO^), e l lTe r dttuiig s t a t e 
{k^2^2^T^ and s i l i re r t e t r a t u n g s t a t e (Ag2Vi.O^^). aecent ly , 
i t va« report<K1 t h a t the soaotungsta to mi^^ht e x i s t in more 
than one form . 
SaapXee of Agg^O^ v«y« p r ec ip i t a t ed a t (a) 85-90^C and 
(b) 0-5*^ C v h l l e maintaining the pfi i n t he range 8-10 through-
out the p r ee ip i t a t i oa* The X-ray d i f f r a o t i o n p a t t e r n s of 
theae m a t e r i a l s shoved thoD to be d i f f e r rmt . ?he tuo 
d i f f e r en t c ry s t a l l og raph ie fonaa vere r eepec t lve ly des ig -
nated aec< - p . Both had oompo s i t ions corz^sponfling t o 
AggWO *^ Vh«nc><- OT f - fonas were heated a t t e ape ra tu re s 
OTer 250®C, the d i f f r a c t i o n p a t t e r n of the product revealed 
only t h e c < - for» . The X - r ^ d i f f r a c t i o n pa t t e rn of the 
f o m va.0 compared %rLth tha t of a comffieroial product ai^ 
those reported 1^ fakahashi e t a l . ' and by Bot te lber^^s . 
The agiirement was genera l ly good, but only fo r the s t rongest 
r e f l e c t i o n s , The c r y s t a l s t r u c t u r e of t h i s s . a te r ia l has 
2 been detersained by Skaretad and ( te l le r who haye shovn tha t 
the compoui^ i s best repreeented as A%V.O^g. In the poly-
onion ( W , 0 „ ) - . ^ . ^ ^ ^ a . « . a™ copXana, ^ . acn i . 
coordinated t o e ight oxygen a t (ms. The o::Qrgen octahe<:lra 
share c e r t a i n edges, v h i l s the a i l v s r ions were found in four 
d i f f e ren t types of coord ina t ion . 
ft/i 
b/i 
e/X 
^/P 
Spae« group 
AggWO^ 
(orthorhi^Me) 
10.85 
12.05 
5.91 
772.23 
ZBSHB. 
(eublo) 
9.31 
806.95 
AXtliouaJhi the •pla«l stiuotux^ of Ag^ o^O^ la ««XX 
5 6 Imoim'^ ' aad la g«n«ral, a alApl* tmlTaXeiit m«taX molyMat« 
and It a analogeua tiangatatea v i l l ba iooatruotural. HoireTer, 
thla doaa sot appaar to ba tha eaaa fox* ^g^l^O^* Firatly, 
tha Z.R. apaotrsyn abova no strong abaoi^tioa i^rraaponding 
to tatrahadral ooordlnatlon of tmi^ataa (ae obaerrad in a l l 
other aiffipXa tungatataa) vm& aaeondXy tha tinlt oeXX, in 
eplta of harlni; a voXixrae rary almlXar to that of Ag^ J^ oO^ , 
7 la orthorhOBsble. A raoaat r$port cleaXlng id.th phaaa rela-
tlona In tha Sag^ O.^ -Sf&^^ oO. eyatwa, glTaa unit oaXX dlaan-
alona foro<(-^82^00.» whleh ara alisdXar to thoaa Xlatad for 
AggWO. la abora tabXa. Howavar, It appaara that Xl-SagFloO. 
haa a dlatortad aplaaX atruetura vhleh la not tha oaaa for 
Aggi^ O .^ ?ha oryataX atraotura of alXvar dltiingatata haa 
a 
raeently ba«B ativllad by Gatahouaa and Leraratta , fh9 027a-
taX atraotura vaa ahova to ba basad again oa tha (^^O^) B-
u n i t , with u n i t e l inked , i n t h i s cae© by tvo cosrnon corrB«rs 
t o foxi!i extei^ed cha ins . The s i l v e r ions vere packod bet"* 
ween the cha ins . The c r y s t a l s t r u c t u r e of Ag^(i2'^rj±B a l so 
a 
reported by the sa^e workers • 
Pan ealoula ted the f ree Qnmrgyf heat and entropy of 
so lu t ion of AQ2^^A* ^Bn*» ea loula ted hea t s of so lu t ion of 
s i l v e r ohroetate and a i l v e r iiiolybdate are i n excel lent 
agrseiBent with the on lo r l c i e t r i ea l ly determined hea t s 
11 
reported by Bmith, P i t s s r and L a t i s s r and Muldrow and 
12 
Hepler • i l e r e r the le s s i t was found neoeseary to i n v e s t i -
ga te s i l v e r t un^s t a t e oa lo r ime t r ioa l l y because of the >'^ e€t 
tendency of t ungs t a t e ions to form ©or© coiaplicated spec ies . 
The enthalpy of so lu t ion of Ag^VOj, has been deterpined 
as 14.7 Koal/mol from ea lo r i i a e t r i e ffieaeurements i n %rhich 
the experimental condi t ions were chosen to avoid the forma-
t i o n of polyt iuigsta tes and as 12,1 Eoal/r .ol frota tes^iperatur© 
1 A 
v a r i a t i o n of the s o l u b i l i t y product . The former heat of 
so lu t ion i s more appropr ia te &n<^ es t i i sa te S^ « (55) Kcal/ 
i&ol. Me can then c a l c u l a t e for Ag^^iO. 
AHf° =» -220.7 Kcal /ao l 
Z^Gf° « -198.0 Koal /aol 
Ko« « 4 X 10 "^ and a l so 
op 
kg2V0^ -c 2e" 2Ag * m^" ( a q ) ; E** « 0.434?. 
Pan* 8 el@otroeii9mleal saeasurements IIRT© l«i«i t o K * 53^10* *^  
ana E^ « 0.466T, Th« diffex«nC9 b«tw«9n the va lues oalou-
la t«d by c^ an nnd th« ex|sorliB«iital va lues excaed th@ 8tat«d 
u n c o r t a l a t i e s . 
Th#rBOdyaamlo grop»r t l»a of i^ae tanjggtateg at Sqe^K 
Aof** so 
Keal/mol Koal/mol 
-219 (11) 
-528 60.8 
-198 (53) 
17 The thr«o polyaorphio forme of s l l r o r t unge ta t e has b««n 
ropoii*t«d sor« r«o«nt l7 by van dor Borg, Juffarsiansy CA.H. 
i a ^9B2,c^C^»kg2^0. l a ortlu»rhoisblo spao® group Pn 2n, with 
a 10.820(2) , b 12.018(2) , ajod o 5.900(1) 2 . |-^-Ag2^'^4 ^» 
hoxagonal apaoa group p6, or P6,/a, with a 11.0<525(5) and 
c 7.5424(4) A, y -AggWO^ ia oubio spaee eroup Fd 5ffi, spinal 
type with a 9.352(1) A. 
All the laerourio h a l i d e e , exeept B^'^ and liglp, have 
orthorhoiabie conf igura t ion . HgF2 hae cubic o r y e t a l l a t t i c e 
while Hgl^ has t e t r a h e d r a l s t r u o t u r e . 
Ccuapouttd 
wo^ ~ im) 
HagWO^ 
16 
Ag^HO. 
AHf<» 
Kcal/mol 
- 2 5 6 , 5 ^ ' 
-573 
-245.5 
-220.7*^ 
\ 
( la ) 
(Ife) 
:'l 
Ll 
(1c) 
Th* 9nrirofm9nt of Hg in the QrymtaX atracturm of Hgl2 (a) 
fher« are at leas t three foms of eryetaXlitie ii^2* 
One fo«a lAiieh i t stable at roam temperature i s red an4 hae 
a Infliaite layer s t ructure In jthiQh Iodine atoms are in 
dis tor ted oubic close packing and Eg occupies 1/4 of the 
te t rahedra l holes * . Above 127^0 the yellov for® i s 
stable v l th a s tructure l ike that of HgBr2* ^®^*^^ work*^  
has confirmed the existence of auaother orange form vhieh I s 
mstastable fom. 
In the aierourio chloride, mercury has distorted 
oetahsdraX «t«reoelieml»ti*sr, th«i BtrootuiNi l e e38«!Stially 
21 
soX«euXmr \ hairing dieer«te l inear Cl-lg'-Cl noXamilae. 
ThftB* ar@ arranged in abaata atackad orm abore the other ^. 
Maraurie hroalda has a related struoture in which 
l inear BivHg-Br uni te may be diatin^uiahed. Theae are 
arranged in layer in a defaimed hrttoite e t rueture . Instead 
of being regularly octahedrally coordinated the ilg atoma 
hare two close and two dietorted rers ion of the mixed hexa-
gonal aubic close peeking arra;ig«&ent • 
In the Tapour phaee» nereurie helidea conaiet of 
l inear moleeulea. Band lengthe in the vapour phase ae 
obtained by eleetroB-diffraction have been tabulated. 
HM *X band len^rfeha ( i n I) in the vapour phaae 
Hg-Gl Herourie chloride 2,20? 2,34? 2,27 
Hg-3r liereurle broalde 2,40; 2.44 
il«»Z gereuno iodide 2.55; 2,60 
In free moleeulea or complex ionat charaoter ia t ie 
Goordiimtion number of two, three and four for oovislent 
boadim; ana e i ^ t for ionie bonding are known. / seriea 
of helofseroury sraenitea have been reported by ?uff et a l . 
9 5 
26 i^ i&salov has propoaed a general forseula for the oaleulation 
of thensiodynaeaie propertiea of complexea of Hg(II) , 
H«at of fonsatlon of mixod hftlido eomplexAs ei^ 
c(»iplox ton9 ar« tat>ulato4 as bolovi 
(1) H«at of tormmtion of eomplox iono of Hg(II) at 2*5^ 0 
in Eeal/iBoXo. 
Hf fif 
2 . 
2« 
2 -
2 -
85.0 
75.6 
\22.2 
1t1 .6 
87.4 
106.4 
114.3 
IJigClgl^] 
[Hgl^ClgJ^-
(Jigl^ByJ^*" 
[HgCX2Br] ^-
iHgBrgCl]^* 
iH^gCJBr! ^-
92.8 
76.0 
66.0 
103.6 
95.6 
84.8 
(11) H«&t of fomatlcm of mlxod balldo ooaploxe* of pota* 
08ium and Hg(II) at 25^0 In Keal/iaolo, 
K iHgClj^r j 
KlagijCij 
K iHgClBr] 
^2 jHgCl^Br] 
151.1 
142.0 
142.5 
124.6 
124.1 
115.5 
133.3 
256.2 
K2!H«Br3J 
Kg rHgX^Cl] 
EgIHgljBr ! 
iCg fHgCljBrjj 
K^iHgCiglg] 
Kg [HgClgBr j 
Kg iHgClgByg^ 
Kg [ii^BrCig] 
217.6 
205.8 
196.6 
247.0 
225.8 
236.4 
207,5 
227,1 
K^rHgCl^ J 245.6 JCglHggCiBrJ 216,4 
KgJHgBr^Cll 257.8 KgijlglgClBrJ 216.4 
BroBio odsiflex** are not v e i l doottmeat^di. In iodo 
e<^plex«8, the larg« lodliui at(»i« •««» to fonc oztLy three 
ftad four eoorAi&ated eomplexes v l t h Hg(II) . Hgl. i s 
21 
apparently lonlo , Both eopper(I) and ei lTev(I) ex i s t in 
high mA Xov temperature forma (y(^, p reepeet ive ly) . 
Vibrational epeotra heve be#R extensively ueed to study 
the nature of Hgl- and HgX^" lone in aoXid. 
?he f i r s t evidenee for the exlatenee of mixed halidee 
of Hg(II) vere obtained 1^ RBmaa epectxm and in c^olten atate 
by saogen. In sol id s t a t e , mixed halidee of !%(IZ) vere 
27 28 Obtained by R&etogi and covorkers ' . Tfci© heat of forsa-
t ion of mixed halidee of Hg(II) are l i s t e d belovi 
Heat of forftatlon in Ksal/mole 
HgFg 6*?. 50 
fl^rg 40.50 
HgFCl 62.00 
Hgf 47.00 
HgClBr 48.00 
HgCl 40,00 
H^r 33.00 
fh* Xlt«ratur« eurrey Indleatod that eolld ©lectro-
Ijrtee bae«d oa th® Agl ftnd oopp«r haXid«0 haT« been exten* 
8iT«Xy studied, fherefor*, 80Q« oth«r forms of oompound* 
oontalnlng Ag and Cu loss ver« t r i e d . For t h i s purpoe« 
f i r s t t tmgstats ©f s l l v s r vas prsparsd and i t s r?^actlon with 
menmryill) ha l idss ars ta&sn for stitdy ici solid s t a t s . 
Solid 8tat« rsaetioas in g«nex>aX, ineludo reactions 
iB ^ i e h at X0ast da* of th« r e s e t ^ t s i e a aoXld, fhtts, 
a Tariety of r««etlons, gan-aolid, aolid-aolid, decorapo«i> 
t ion, tx^Knafoz^atlony ate. are ^roupad uadar tha t i t l a of 
eolid stata raaatloaa. ^echaniffi of solid atata raaetione 
diffar tven tha eorraaponding raaatione i a liquids and 
gmm9<m» phasa in Tarious vays. Tlia laek of thaoratiofl 
and axparimantal uBdar«tandingB» makaa tha aolid etate 
raaetions a o^aplax probl«i. Hotravar, raaetiona of addition 
typa and thoaa proeaadln^; with tba arolution of a gas ara 
ocniparatiTaljr aassr to handla and hara been atudiad f?a» 
Quently. fha study of tK>lid stata raaotions where more 
than one produet i s formed vithoat erolution of gas ia a 
real problsB and references to sueh reaetions are thus z%re. 
The present vork vas unaartaken to inrestigats the kinetiee 
an& meohaniea of reaetion hetveea eilirar tungstate and 
merourle iodide in aolid state. 
Sineet silTsr eompounds are highly eensitlire to 
l ight , so fresh s i lrer tungstate vae prepared for each aet 
of experiment. 
^r>pajpfttloa of gjlygg monotimg«tat«i 
31lT9r ffioiiotuiig8tftt« vail prepared in d&rk, by^  
pr«eipi tat lon from ftpprozimat^ly 0.5K aqueous Kaj^ ^A e^lu-
t ion by a l lvar n i t r a t e aoXutioa of similar concentration, 
praparad in doubla distiXlad vatar . Slnaa tungatate ion 
polymariaaa In aoid aoXutioa to fora mata and para poXy-
aniona* praelpi ta t ion waa earrlad out in baaio eoXi>tion. 
Thia asespXa of siXvar tungatata vae formed at 85^0 and tha 
pK of tha aadiuB vas malntainad in tha ranga 8*1 D throta^-
out tha praolpltatlon* fha prae ip i ta te vaa ooXXaeted and 
mtahad in dark vi th doubXa diatiXXad va ta r and driad in 
•aouoffi desieoator for aereraX days. Tried prec ip i ta te vae 
pondered in a mortar. Ho ovoid the exposure by l i g h t , 
aiXver tungatate vaa kept l a a dark bottXe. To identify 
the product, X«re^ diffraotogram of the produot wea 
recorded. Tha X«ray data haa, howerar, been found different 
froE5 that pubXiehed for AggWO -^^ ,^ Aa the pubXifdiad resuXt 
haa not yet been uniTeraalXy aoeepted, the experiment ima 
repeated, laoh preparation gave the aaae reauXt. The 
obaorred d vaXuee and oorraapondii^ in tena i t i ea are reported 
in TabXe I« 
The kinet ics of the reaction vaa studied by pXacing 
H j l , 
YdlotAj Ui 
C/lal + HoWOf) 
DlACiRAnM/\TIC REPRESENT/ITION Of 
REACTION T U B E WITH PRODUCT LAYER 
Hgig OT»r kg^^^M in a pyr»3i sla»» tub« of 0.5 am i n t t m a l 
dlaaR9t«x>. OB« end of tii« tub« was seaX@d. A v e i l e d aiaoimt 
of A£2^^4 ^"^^ pl&o«d in tiui tubs and pressed gently, then 
th© v9igh»S amount of Hgl2 wa« placed over Ag2**^ 4 ^^^ pr«e8#d 
again, ai^ tba reaotion tuba vaa kapt in axt a i r tharmostat 
oontrollad to ;•, 0»5 to 1»0°. Sam© ajEOtmt of AggVO^  and Hgl, 
vas uaad th rou^out to avoid the praa^ur® alfaot . fhe 
prograae of t h t reaction vaa folloved by measuring the to ta l 
thickiiaaa of the product layar forced at the iaterphaaa b^ 
a travelXiag mioroaooiMi, havii^ calibrated scal» Izi i t s ave 
piece. :aoh experiment vas run in tripJlicate and th« 
average values are reported here, 
A yellov coloured boundary appeared at the interphase 
triiioh g^e^ ifith t ine on the s i lve r ttingstate s ide . Bimul-
taneouslyt a red coloured layer was formed next to the yellow 
boundax*y. On eooling to ro<» teapsratiire the red coloured 
product turned yellov (Ag^fZ. i s red above 90.7® and yellow 
different teniperatures. 
Analysis of the product layeri 
A reaction tube having ttro different layers of the 
product vas broken and the products vere oolleoted sepa-
ra te ly , fh© dark red boun<faz7 was identif ied by !<-i^ to 
be Ag^gl^, I t shoved a t rans i t ion frojs red to yt l lov 
me yellow layer ««« l&en%tfie& by X-rmy diffraction 
as A^I and HgVO *^ A» both el lTar iodiae and UgVO. are 
yallov bi«aee tbey could &ot be coXleeted separately. 
X«>riqr Stud i t » 
fh« reaetante Ag^^j ^^^ ^^^2 ^^^^^ abova 300 mash 
siaa) vera mlxad thorottghly In an agata Eiortar, In different 
molar r a t i o s . Tbaaa ver« fcapt in an s i r oven therciOBtat at 
120 t 0.5®C and 150 1 0»5®C, Tha X-ray analyei* w«ro 
carriad out by Soraleo Gelgar Coimtar I-ray diffractoaater 
(?i? 1010 Phillpa) by CttK< radiat ion with a Ki - f i l to r . 
The ccNspounds prasant were Identified by calculating 
the d valuea and the In tenal t lea of the l lnae and eMsparing 
thasi v l th the stai^ard values of expected compounds. The 
compounds obtained in different mixtures are given in 
fable I I . 
PiAiiflffffli9il> 
AgJIgl^ is knows to be formed fro® Agl and Hgl, in 
the solid state' . Hovever, our results reveal that the 
reaction is a a^ultistep one. The reaction sequence for the 
various molar ratios of the reaetions is discussed ae 
folloirs} 
Rttactlon aequeaeg for 1i1 molar r a t i o of A^^¥Q. and liglp; 
ffato X-jpay analyaiB of th« souaple, hairing r o l a r r a t i o 
1:1 ahovod the foXloving roao t ioa ssqueneo: 
Ag^ ViO^ + Kgig — — 2AgI + HgWO^  ( l a ) 
Ag2%l4 + AggWO^  4A«I • agwO^ (1c) 
SAgjjWO^  ^ SHglj Akgl • SEgftO^ 
The reae t ioB goes through the fonsat lou of AggHgl.. The 
reaot loB of Agl aM Hglj i a very f a a t ' , henee Agl formed 
i n the atep ( l a ) i e oonauaed in the fo raa t ion of ^M^SX^, 
The formation of Ag^^gl^ during th© r eac t i on l a ptvealed 
by t h i s obae r ra t ioa ; The red r eac t i on mixture a f t e r ccwap-
l e t i o n of the reaot ion becomes jreXXov {Agl and HgWO^  are 
yeilow) and remaina yelloir below 50,7"C and above 50.7 C' . 
loveTor, the otixture v l t h inccKsplete r e a e t i o n s (vhen the 
mixture i a red) t u r aa yellow oa cooling (Ag^Hgl^ i e yellow 
below 50.7^0 and red above i t ) * I t , thua , ooafin&a tha t 
the reaot ioB goes thrmigh t h e foraa t ion of Ag^Hgl., X-ray 
analye ie of t h l a molar x^t io ahowed the preaenee of 4^1 bul 
not of AggHgl^. Ag^SgZ^ formed i a the aeoond atep ( lb) 
r e a c t * with uareaoted AggWO^  to g i ro again A*jl and HgVO.. 
To iden t i fy the t h i r d e tep ( I e ) i^ea Agg^gX^ and Ag^tfO. 
wore placed in t h t r eac t ion tube , a yellow product l ayer 
was formed a t the In t e rphase . Fur the r , the X-ray analyaia 
of t h i s product I den t i f i ed I t a s Agl ana HgV^O .^ l?huB the 
f i n a l products are HgWO^  and Agl, tout X-ray ana lys ie suggest 
the presence of A^I, KgVO^ and a lso of Ag^VO^. X-ray ana-
l y s i s of both the samples (ha:ving laolar r a t i o 111) a t 120^0 
arid a t 150*^0 suggest t h a t U n a s of AggWO^ are more in tense 
a t 120^C than a t 150^0. Hence, I t aiay h© concluded tha t 
the r eac t ion i e Inooiaplets to tsome extent a t t h l e tempera-
t u r e . Kovever, tha i n t e n s i t y of l i n e s ehow tha t the roac -
t i a n id . l l be oojsplete a t BO®® h igher t e a p e r a t u r e . 
Reaction aeguenes for 2t1 molMC r a t i o of Ajt^ ^O^ »P^ Hgl^s 
In the 2it molar r a t i o of AggWO^  and Hgl^ ve expect 
Agl aM Kg¥0-. Along irt.tb t h i s t he re must alK> be unreacted 
Agp^Ojt i ^ ^^* reac t ion follows the 0e<iueno« s l u i l a r to tha t 
i n 111 molar r a t i o . As we can see our r e a c t i o n products are 
i n accordance v i t h our expec ta t ions , the r e a c t i o n sequence 
i s .^iven below I 
3^2^% + Hgig — - 2AgI + HgW^ + ^Agg '^O^ 
2AgI •¥ Hgig ——— AggHgl^ 
4Ag2^'0^ + a ig lg 4AgI+ 2HgW0^ * Zkg^^O^ 
?h« r«aetl<m mttehBXiiem of t h i s r a t i o 1© the eai&e as of 1:1 
R>ol*r r a t i o . Her© a l w Ag^Hgl^ r « a c t s with unresotedl A^2^^4 
t o give Agl anfl H#rO^. TiM dlffex^nc« 1« t h a t one s i l v e r 
t unge ta t e sioleeule idiioh I s i n excess i s l e f t unraeieted. 
React ion seftttence for 1t2 n o l a r r a t i o at ^&2^0j^ ««^ Hgl>>i 
X*ray ana lys i s of tlie sample, having molar r a t i o 1:2 
su^^rests the fol loir ing r e a e t i o n sequenoe; 
Ag^yO^ -J- Hgig EgW^ * 2AgI 
2AgI + Hgl2 — - Agg^I^ 
The r eac t i on of Agl ana Hgig i s very f a s t , hence Agl forced 
in the f i r s t s tep i s eoap le te ly consumed up i n the fonaation 
of AggHgl^. 
I f ve SOB these two s t e p s , hg^glA &^ ^^^^4 ^^^ 
f i n a l product Sf i d a i ^ i s confixned by the X«>ray ansiy&ls. 
As i s evident from the previous d iscuss ion t h a t reac t ion 
occurs hetveen ^g2^gXM and Ag^ ^^ 'C^ *^ Heriee the re l e a l so 
p o s s i b i l i t y t h a t Ag^g l^ foxmed in the second s tep r e a c t s 
with unreaoted Ag^^'O.* As t h i s reac t ion i s e lov, ^e can 
say tha t t h i s r eac t ion would occur to a l e s s e r ex t en t . 
The f i n a l products of t h i s r eac t i on are kt'X an<! HgWO.. 
X-ray ana lys i s of t h i s r a t i o shoirs the f i n a l products ae 
Ag2%l4 "^^ fl Hg¥0^. As Eiglit be expected, Agl fomied In 
th0 third step muet be conBvmeA up, for tlie reactioc b«twe0xi 
Agl ftnd agl2 18 y^vy fast, so AgX forced In thi:rd 0t«p le 
eoBnmed in tli« forsation of Ag^^gX^. The r«aetlon iaay be 
r«preti«tit«d ae followsi 
It 8e€>m8 that all tneae raaetlona are probable and poeeibly 
all theae reaotlone or steps may be occurring simultaneotasly 
but all other steps being alover, the reaction may be taking 
place through step (3a) and (3b) to a larger extent, but 
other reaction steps (3o) ai^ (3d) may be taking place, 
though to a little extent. The reaction mechanlim of the 
molar ratio 1i2 can be described on the basls of the above 
diacuesion as follovsi 
AggWO^ > Hgig — 2AgI + HgWO^ (3a) 
2AgI + Hgig AggHgl^ (3b) 
AggHgl^ + AgjWO^ 4AgI + HgWO^ (3c) 
4AgI + ZHgIg — SAggHgl^ (3d) 
2k^^m^+ AHgIg — 2Hg¥0^ -• aAg^Hgl^ 
Reaction eeqnenoe for 1t3 aiolsr ra t io of Ag^ WO. and EKX^-
fhe x-ray analysis of the sample, having molar ra t io 
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1i3 BUeigeert^  the foXIoving reaction eequeneet 
kg^O^ + JHgIg 2AgI 4- H^O^ + 2ngJ^ (4a) 
2AgI •*• Hgig Ag^Hgl^ (4b) 
4AgI * SHgIg aAggHgl^ (4d) 
2Ag2^^4 * ^ ^ 2 •"—~ 2Ag^gI^ + SEgVO^ • 2Hgl2 
The re^^tioB meehaniaa of th i e molar ratio i s the 
of 1t2 raolar rmtio. In t h i s molar rat io ve expect Ag^Hgl. 
and HglK) ,^ along with t h i e there mxiat aleo be lULngiaoted 
Hgl^. Ae ve ean see mtr renotion products are in accordarioe 
v i th our esEpeetatlone. 
In the latei^JL diffualon experimenta, the jellov 
coloured bcmndarjr fomed at the interphase af ter placement 
of react ant 8 in the tul^» grew only on the kS2^^M ei^o* 
This ehove that i t i e only the HgX2 that moree tovarde the 
Ag2^0^ side throi^ M^ the product layer . Later, when the 
experiment was repeated iritii an a ir gap between the reae-
tants at the start i t s e l f , the reaction takes pluoe but at 
slower rate than vhen the reaotants are kept in adjacent 
pos i t ions . 
OUT k inet ic data f i t best Into the equation x j » Kt, 
vhere I la the produet thlokaess, t la the time, K and n are 
conatantt* The values of n, in equation x j » Kt, vftilee 
fron 1.73 to 1,9 in the low temperature rfiK^e and aaeumee a 
constant value of 1.66 In the high tmeiperature range ae 
ahovn belovt 
Teciperature 
o„ 
100 
112 
120 
150 
140 
150 
160 
170 
Hate constant 
<m/hr 
8.055 X 10*^ 
2.624 X 10"* 
2.692 X 10"* 
5.802 X 10"* 
6.166 X 10** 
0.01025 
0.01698 
0.02660 
75 
73 
84 
88 
90 
m 
86 
?hea« values of act ivat ion energies indicate the 
process to be grain boundary or surface diffusion ctrntrolled 
in both tmiperature rsmgeB, When the tempereturo i s low the 
ra te of diffusion I s slower but as ths tsraperature I s 
lnor«s»sed the ra te increases. 
?he l a t e r a l diffusion emt occur by surface migration, 
grain boundary diffusion or bulk diffusion. Since the 
uoi;DT?aj ^ M ; JOJ ajn;pjaduLJa; uo y\ jo aouapuaddQ 
^ O l X l / l 
s -t S E 
magnltud* of th« energy of eotliration Is not high , it 
appears that toulk diffusion does not taks plaoe» The only 
altsmatlTS left is tlis surface migration or grain boundary 
diffusion. 
The aetiTstion energies for the low and high tempe-
rature range as calculated fro@ the plot are respectively 
63.95 and 61.53 W/siole. Tiro values of activation energies 
are d\m to phase change of HgZ2 frtm tetragonal to zttoabio. 
Hglj changes from red to yellow colour at transition tempe-
rature ^rJ^c^, 
JUmmmKmLmJm 
l-ragr data for Ag^VO ,^ Cu-K^ radiat ion, Bi->filt«r, 
32 KV St 12 mA,/ \ - 1.5405 
A i a I IA<* d in X I/I< 
7.86 
5.29 
2.93 
2.64 
2.69 
6 
6 
20 
100 
22 
1.99 19 
1.68 14 
1.65 9 
1.61 6 
1.58 12 
Compoundfi present in different molar r a t i o mixtures of 
Ag2%0^  end Hgig at t20^C and 150**C 
Mixture Molar r a t io Coiipoiutdia preeent i s tiie stlrture 
I 
I I 
I I I 
IV 
111 
1i2 
2t1 
t t 3 
Agl , Hg^O^. A«2^*'04 
Ag^Hgl^, UgirO^ 
Agl , HgWO »^ *«2^Q4 
AggBgl^, Hg '^O ,^ Hgl^ 
X*r8y data for the prod net of th9 z«aotio& Ag^^^i '^^ ^ ^g^p 
ifik t t l molar r a t i o at ^20^C 
0 
d i n A 
3.95* 
3.75* 
3.49^ 
3 . 3 # 
5.18^ 
3.^3*^ 
3.05^ 
2,98* 
l A o 
39 
100 
18 
1? 
60 
55 
61 
42 
0 
d i n A 
2.Be^ 
2,55* 
?,28* 
2.11*'»* 
1.<^5*.^,# 
l A o 
24 
76 
15 
15 
45 
Lina« for Agl 
* LlnoB for Hu¥0. 
* ilii«» for AggWO. 
x-rs^ data for tb© pr96ue% of tho r»aotlo» Ag^^O. ana Hgl^ 
in 1t< jftolar rat io at 150**C 
d in S 
5.<55'',# 
« 
3,74 
5,49^ 
3.18* 
3.03 
2.55"* 
2.29* 
^/^o 
72 
96 
59 
100 
96 
68 
83 
d ia 1 
2.ir 
1.95* 
1.88* 
1.76:*" 
1.61*^ 
1.59* 
1.53* 
^^0 
48 
33 
39 
44 
44 
47 
43 
Idi5«» for Agl 
* litnae for HgWO^  
^ Lin«0 for Ag^ WOj 
IBiWPffiTi Jill 
X-ray data for tl!« fijraduot of tJi« rmwotton kg2^QA ^"^ %^2 
in 2t1 xsolar r a t io 
o d in A 
3,95* 
3,74* 
3.ir 
i.oi' 
2.92* 
2.8?*^ 
2.71* 
2,63*-,l 
^^0 
56 
77 
dd 
59 
75 
100 
40 
38 
0 
d i n A 
2,55"*' 
2.29 
I .99I 
1.95 
1.68^ 
x.m"^ 
l/lo 
33 
60 
35 
46 
2B 
29 
I*ln«« for Agl 
* Line* for Hgl^ O. 
* Line* for AggWO^  
X-r«^ data for th« product of th« reactloa Agg^^j ^^ ^ ^ ^ 
In 1s2 molar ratio 
d in 2 
3.67* 
3.21'*' 
3.04" 
2.82* 
2.75 
2.54* 
2.47* 
2.34" 
l<in«a 
^ Linoa 
f o r 
f o r 
3^/Io 
too 
55 
53 
2t 
21 
31 
20 
17 
ASgHgl^l 
HgWO^ 
0 
d i n A 
2.29* 
2,23* 
2 ,11* 
1.95* 
1.90* 
I /^o 
18 
70 
18 
23 
42 
mmBSmSSmmmtlLJUm 
X-ray dftt& for tiui produot of tiui maetlon Ag2WQ^  aiid Hgl2 
l a 1i3 molar rat io 
0 
d In A 
=5,821^  
3.63* 
3.18"' 
3.05'" 
2.84* 
2.75^ 
I / I o 
7 
100 
30 
28 
10 
6 
d in A 
2.60'' 
2.5«*»* 
2.34'' 
2.23*'^ 
1.90**^ 
lAo 
6 
11 
5 
52 
31 
Lia©» for AggHgX^ 
*• Lla«« for H#'0^ 
^ Wn«« for Hgig 
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